The spring bloom on the Scotian Shelf is examined using a mooring array deployed from 18 March 2002 to 18 April 2002 to provide physical, chemical, and biological measurements with high temporal and vertical resolution. These measurements are complemented by the Atlantic Zone Monitoring Program (AZMP) biweekly occupations of a station near the mooring site (HL2). Results from AZMP sampling and Sea-viewing Wide Field-of-view Sensor (SeaWiFS) ocean color imagery in early March show that coastal upwelling played an important role in the initiation of the spring bloom near the coast. This was a period of very strong horizontal gradients in surface chlorophyll. The main bloom at HL2 was sustained for most of the mooring period with peak chlorophyll levels reaching 6 mg m 23 . Following the drawdown of nutrients in the upper 20 m, the bloom continued for 9 d and then disappeared at the surface but remained at the depth of the nutricline (30-50 m). The onset and evolution of the spring bloom on the inner Scotian Shelf is a complex process in which nutrient inventory, vertical mixing, and coastal upwelling play roles of varying importance throughout its lifetime. Mesozooplankton biomass does not change significantly until the very end of the mooring period indicating the grazing by this component of the zooplankton did not have as important a role in the termination of the bloom as the exhaustion of near-surface nutrients.
Phytoplankton biomass increases substantially every spring in the subpolar North Atlantic and contributes significantly to the total annual primary production. The magnitude, timing, duration, and spatial extent of these blooms vary interannually. The effects of this variability extend beyond the bloom period since they influence the population dynamics of higher trophic levels (Head et al. 2000; Platt et al. 2003) . A relationship between physical forcing and biological response was initially described by Gran and Braarud (1935) . In the critical-depth theory of Sverdrup (1953) , the onset of the spring bloom was controlled by the depth of the mixed layer and available light. However, Townsend et al. (1992) confirmed that phytoplankton blooms can occur in the absence of vertical stratification. Ongoing research is attempting to understand more fully the causes of interannual variability of the spring bloom in the open ocean and in coastal sea environments. Waniek (2003) has investigated the role of physical forcing in initiation of northeast Atlantic spring blooms using a coupled biological-physical model with data collected at the Biotrans site (47uN, 20uW). The results indicate that, in the open ocean, springtime shallowing of the mixed layer is not typically a smooth transition since the process is interrupted by the passage of weather systems. Interannual variability in mixed layer development is determined by changes in the frequency, intensity, and track of storms. Computer simulations suggest that such synoptic events are important for phytoplankton growth. Enhanced storm frequency in the late winter and early spring period prior to the spring bloom increases the nutrient inventory at shallow depths and leads to an increase in amplitude and duration of the bloom. Ueyama and Monger (2005) examined the role of wind forcing in the North Atlantic using Sea-viewing Wide Field-of-view Sensor (SeaWiFS) surface chlorophyll imagery and satellite-inferred winds for the period of 1998 through 2004. They concluded that wind-induced mixing during the spring bloom period was the key forcing contributing to interannual variability in the bloom timing, intensity, and duration. Strong mixing in subpolar regions during the bloom period results in deeper mixed layers that limit light and lead to reduced blooms (Dutkiewicz at al. 2001) . Moderate mixing, on the other hand, may extend the period of the bloom by providing additional nutrients without compromising light conditions favorable for growth.
Tidal mixing may also be important in controlling the biophysical coupling in temperate shelf seas (Sharples et al. 2006) . However, on the inner Scotian Shelf tidal mixing does not appear to be as significant a factor as wind-driven vertical mixing and coastal upwelling (Greenan et al. 2004) . In spring, when stratification is weak, coastal upwelling can be important in determining the initiation of the bloom and can offset the loss of phytoplankton through sinking (Huisman et al. 2002) .
High-frequency sampling of physical, chemical, and biological variables is needed to improve our understanding of spring bloom dynamics. In an attempt to address this, a field program was carried out during the spring bloom at a fixed station monitoring site on the inner Scotian Shelf in 2002. The circulation in this area is dominated by the Nova Scotia Current (NSC), a surfaceintensified southwestward flow, centered near the 150-m isobath (Smith et al. 1978; Drinkwater et al. 1979; Loder et al. 2003) . It is strongest in the winter (peak of 0.3 m s 21 ) and weakest in the summer (peak of 0.1-0.15 m s 21 ). Nutrient concentration increases at shallow depths due to vertical mixing during the winter period and, subsequently, it is rapidly depleted during the spring bloom (Petrie and Yeats 2000) . The spring bloom accounts for roughly onethird of the total annual primary production on the Scotian Shelf (Fournier et al. 1977) . More importantly, it represents the major source of ''new'' primary productivity that sets the upper limit on production of higher trophic levels, organic matter export, and supply to the benthos (Eppley 1981) .
In this paper, we describe and analyze moored measurements along with ship-based data and remote sensing imagery. Our main objective is to provide a better understanding of the role of physical forcing on the onset and evolution of the spring bloom in this region. A secondary objective is to determine whether sampling this region at a fixed location on a biweekly basis is adequate to capture a significant portion of the variability in the physical, chemical, and biological fields.
Methods
Atlantic Zone Monitoring Program (AZMP) observations-The AZMP has sampled the Halifax Line Sta. 2 (HL2, Fig. 1 ) approximately biweekly since 1998 (Therriault et al. 1998 .3167uW, depth 150 m) observations include: First, temperature, salinity, fluorometer, and oxygen profiles derived from a Sea-Bird conductivity-temperature-depth (CTD) with auxiliary sensors; second, bottle samples for oxygen, nitrate, silicate, phosphate, and phytoplankton; third, 200-mm vertical net tows for zooplankton; and fourth, a Secchi disk for water clarity. This station was occupied 25 times in 2002. Harrison et al. (2003) provide details of the methods used to acquire and process this data set.
Mooring program-Two moorings were deployed at HL2 from 18 March 2002 to 18 April 2002 (Fig. 2) . The first mooring consisted of a SeaHorse wave-powered moored profiler (Hamilton et al. 1999) , which cycled between 7 and 120 m every 2 h at an ascent rate of 0.5 m s 21 and measured temperature, salinity, depth, fluorescence, and photosynthetically active radiation (PAR). A Sea-Bird Electronics (SBE) model 19plus CTD had a sampling rate of 4 Hz giving a vertical resolution of 0.1 m. A Wet Labs Wetstar fluorometer provided estimates of chlorophyll biomass through the manufacturer's calibration and comparisons with extracted chlorophyll from in situ samples during the mooring period (Chl a 5 20.814 + 2.895 3 Chl a(Wetstar), r 2 5 0.75, 31 observations). A LiCor spherical quantum sensor (model LI-193SA) provided PAR measurements in the 400-700 nm waveband.
There was a short interruption in the data when the SeaHorse mooring was recovered and redeployed on 29 March 2002. During this servicing at sea, a knot was found in the jacketed mooring wire that had limited the profiling to the upper 50 m. The wire was replaced, but mechanical wear of the Seahorse clamp limited the maximum depth attained during the rest of the period. Calm sea conditions on 12 April 2002 did not provide sufficient energy for the SeaHorse to climb down the wire causing a second data gap.
The second mooring, ,400 m from the first, included an upward-looking Teledyne RD Instruments 300 kHz Workhorse acoustic Doppler current profiler (ADCP) at 81 m that measured currents in 2-m vertical bins every 15 min between 6 and 78 m. The estimated standard deviation of these current measurements is 0.006 m s 21 . Fourteen Vemco Minilog temperature recorders were placed 5 m apart from 16 to 81 m and sampled every 10 min with 0.1uC resolution. In situ nitrate analyzers (WS Envirotech model NAS-2EN) were located at 16 and 41 m to provide hourly sampling of the nitrate concentration.
The nitrate analyzers provided estimates by measuring a diazo dye formed by the reaction between sulfanilamide and nitrite, which in turn was produced by the reduction of nitrate to nitrite on a copperized cadmium column (Grasshoff et al. 1999 ). An on-board standard was run after every five hourly samples. The frequent analysis of the standards, and their stability, allows for the correction of the raw data for variations in cadmium column efficiency. Since the standard replaces one sample, the final data record has a gap every 6 h.
The on-board standards (OBS) for the NAS-2EN instruments were stable throughout the deployment, perhaps due to the low in situ temperatures (20.1uC to 3.4uC) at the instrument depths. Laboratory analysis using standard autoanalyzer techniques (Strain and Clement 1996) of the OBS just prior to deployment gave concentrations of 10.01 6 0.01 mmol L 21 (mean 6 1 s, n 5 2). Analyses of the OBS after recovery were 10.07 6 0.07 mmol L 21 (n 5 4) for the 16-m instrument and 9.97 6 0.06 mmol L 21 (n 5 4) for the 41-m instrument.
The variation of the absorbances (2log (V std /V blk )), where V std is the colorimeter voltage due to the OBS and V blk is the voltage due to the blank) provides a measure of the sensitivity of the nitrate analysis with a higher absorbance giving a more sensitive analysis. The absorbance of the 16-m instrument started out reasonably high (,0.11) and very stable, slowly increased to ,0.14 around 10 April 2002, after which it declined rapidly and then became very unstable. This instability is most likely due to a problem with reagent supply in the NAS-2EN. In this instrument, reagents are stored in intravenous bags, which collapse as reagents are consumed. As they collapse, the tubing connecting the bags to the multiport valve can be pinched and affect the supply of the reagents to the reaction cylinder. The deeper instrument started out less sensitive (,0.05) and quite noisy for the first day of the deployment, then settled down and slowly increased to a maximum value (,0.13) near the end of the deployment. The response of the 41-m instrument was noisier than that of the 16-m instrument for the first week of the deployment, but the deeper instrument continued to perform well through the entire deployment.
To avoid the biasing of the nitrate data by single outliers in the OBS series, the OBS absorbances were smoothed using a five-point running mean filter. The sensitivity of each instrument at the time each sample was run was interpolated from the adjacent smoothed data for the standards and used to calculate the nitrate concentrations in the sample.
The nitrate concentrations were calibrated against values derived from water samples drawn during AZMP occupations of HL2. Standard AZMP bottle samples from 10, 20, 40, and 50 m were linearly interpolated to estimate the nitrate concentration at NAS depths of 16 and 41 m. On 29 March 2002 the samples were not at the standard AZMP depths; the closest samples to the deep NAS were at 35 and 60 m. In this case, the NAS appeared to be in the nutricline while the 35-m sample was in the mixed layer and a linear interpolation did not provide a reasonable estimate. Hence, the 41-m concentration was calculated using an extrapolation of the 60-and 100-m nitrate samples. The shallow NAS calibration indicated a small positive offset of the instrument of 0.6 mmol L 21 with a root mean square (RMS) difference of 0.7 mmol L 21 . A zero offset was assumed for the deep NAS since there were no calibration points below 3 mmol L 21 ; this instrument calibration had an RMS difference of 2.6 mmol L 21 .
Satellite observations-Advanced very high resolution radiometer (AVHRR) sea surface temperature (SST) and sea-viewing wide field-of-view sensor (SeaWiFS) ocean color imagery (http://www.mar.dfo-mpo.gc.ca/science/ ocean/ias/seawifs/seawifs_1.html) covering the entire Scotian Shelf provide a broader spatial context for the highfrequency SeaHorse profiles and can be compared with the near-surface CTD and fluorometer measurements. The SeaWiFS data were processed with the OC4v4 algorithm to compute chlorophyll concentration from satellite radiance. National Aeronautics and Space Administration (NASA) default masks were used except that we applied a satellite zenith angle mask to minimize problems at the pass edges. The cloud albedo threshold is set to 0.015, which is lower than the NASA default of 0.027. The 1-km SeaWiFS data were remapped to a 1.5 km 3 1.5 km resolution Mercator grid. There were very few good individual passes during the mooring deployment because of cloud cover.
Other supporting observations-Time series of 10-m winds were acquired for Sable Island, which is about 200 km east of HL2 (Fig. 1 ). Winds at Sable Island are representative of conditions over most of the Scotian Shelf (Petrie and Lively 1979; Sandstrom 1980) . Sea-level time series from Halifax and North Sydney (filtered to remove tidal components) were used to indicate the coastal response to large-scale wind forcing, shelf waves, and sealevel atmospheric pressure changes. Continuous plankton recorder (CPR; Reid et al. 2003) On 18 March 2002, the pycnocline was substantially deeper than observed on the previous two occupations. However, the shallow chlorophyll and nitrate concentrations had reverted to the levels measured on 02 March 2002. This indicates that the bloom detected on 13 March 2002 had disappeared in 5 d. Given that the nitrate concentrations were restored over this short period and the 50-100-m concentrations were virtually identical on 13 and 18 March 2002, it seems unlikely that this was a local process driven by vertical mixing even though the mixed layer deepened during this period. The deepening alone was not sufficient to raise the concentrations to the 02 March 2002 levels. A more probable scenario would involve spatial variability in phytoplankton growth coupled with advection by the Nova Scotia Current, which transported the plankton and nutrient depleted water from the HL2 site over the 5-d period. Changes in temperature and salinity at depth (Fig. 3) provide evidence of the advection of different water masses into the HL2 site.
For 02, 13, 18 March 2002, integrated nitrate concentrations over the top 40 m were 194, 100, and 196 mmol L 21 m and integrated chlorophylls were 15, 190, and 20 mg m 22 . These results confirm that conditions were very similar before and after the bloom observed on 13 March 2002. Assuming that 1 mmol L 21 of nitrate is converted to 1 mg m 23 of chlorophyll by phytoplankton in this area (Greenan et al. 2002 (Greenan et al. , 2004 , the changes in chlorophyll concentration are approximately twice as large as could be explained through drawdown of the nitrate inventory between 02 and 13 March 2002. This suggests that nitrate was being replenished through some physical process such as advection or that other biological N sources (e.g., ammonia) were being used to make up the difference (Glibert 1982) . Generally, however, reduced nitrogen sources are not important contributors to the net accumulation of biomass during the spring bloom period, e.g., ammonia remineralization equals or exceeds use by phytoplankton on the Scotian Shelf (Cochlan 1986 ).
CPR transect: Results of the CPR transect of the inner Scotian Shelf on 11-12 March 2002 (Fig. 4 ) indicate significant spatial variability in phytoplankton concentration, which was dominated by diatoms. Diatom counts were very low in the Gulf of Maine-Western Scotian Shelf (segments 1 and 2) and increased slightly at segments 3 and 4. The highest counts recorded along the transect were at segments 5-7, near HL2. The count dropped from a peak of 7.65 3 10 5 at segment 7 to 0.15 3 10 5 at segment 8. Counts then increased eastward to a maximum of 4.1 3 10 5 at segment 15.
Satellite imagery: SeaWiFS ocean color satellite images on 02 and 17 March 2002 ( Phytoplankton variability was also seen at larger spatial scales. On 17 March 2002, phytoplankton patches were found near the Nova Scotia coastline as well as at the shelf break (Fig. 5b) . While there was an offshore plume connecting these patches, they were likely formed independently since the approximate transit time between these patches would be several tens of days. The physical factors controlling the onset of the bloom may also be different in these two areas. A major question remaining is how conditions differ over a broad spectrum of spatial scales to produce this variability in the phytoplankton field.
Wind-driven upwelling: Earlier studies have demonstrated that wind-driven coastal upwelling is effective in bringing underlying waters to the surface (Hachey 1937; Sandstrom 1980; Petrie et al. 1987) . This process has the potential to influence phytoplankton growth through two mechanisms: first, upwelling provides a flux of nutrients into the euphotic zone; second, the vertical displacement of water near the coast can maintain phytoplankton, which typically sink at a rate of 1 m d 21 , in the euphotic zone for ongoing production (Huisman et al. 2002) .
Integrated offshore Ekman flux (Greenan et al. 2004 ) calculated using daily averaged alongshore wind stress To estimate the effect of this upwelling, a two-layer slab model was set up with the assumption that: first, the mixed layer was 40-m deep; second, the nutricline does not upwell; third, nutrients are instantly converted to chlorophyll in the upper layer; fourth, nitrate concentration remains 6 mmol L 21 in the lower layer; fifth, vertical mixing is represented as a two-way exchange of chlorophyll and nitrate between the upper and lower layer; sixth, no grazing by zooplankton; and seventh, alongshore wind stress, phytoplankton sinking velocity, and vertical mixing (K v 5 3 3 10 24 m 2 s 21 ; Umoh and Thompson 1994) remained constant. The result of this model is that within the 11 d between 02 and 13 March 2002 HL2 occupations, the observed chlorophyll concentrations of the mixed layer increased from 0 to 5.4 mg m 23 with an asymptotic concentration of 5.6 mg m 23 . Upwelling and vertical mixing contributed approximately equally to the production.
In summary, the premooring period featured a pulse of high chlorophyll production that can be accounted for by a combination of the local inventory, upwelling, and vertical mixing.
Period of the mooring program-SeaHorse and Minilog observations: Water temperature, a composite of SeaHorse and Minilog recorder data (Fig. 7a) , shows well-mixed conditions to ,50 m prevailed in the latter half of March, and that stratification at the surface developed in April. The near-surface layer temperature increased from ,0uC in mid-March to ,3uC by mid-April. The profiles deeper than 80 m indicated temperatures were .3uC.
Salinity, the primary factor affecting density, was ,31 near the surface and increased to ,32.5 at 120 m (Fig. 7b) . period after which it slowly descended to ,40 m by midApril. This parameter has been calculated with the assumption that the chlorophyll concentration in the upper 6-7 m of the water column was equal to the uppermost bin of the SeaHorse profile.
Photic zone depths were determined by fitting exponential curves to the daytime PAR profiles and calculating the depth at which 1% surface light levels would occur (Fig. 7e) Fig. 7e ), estimated using a Secchi disc are in good agreement with the SeaHorse PAR results. These observations are based on the estimate of Z eu 5 3.2 Z sd where Z sd is the depth in meters at which the Secchi disc disappears from view (Harrison et al. 2003) .
With the prebloom PAR profiles from the period of 18-22 March 2002, coefficients were derived for an arc-tangent model to describe the depth dependence of the diffuse attenuation coefficient (Zaneveld and Spinrad 1980) . From this, the critical depth was estimated to range from 36 to 43 m for the period of 18 March-18 April 2002, based on the assumption that it is defined by a depth-averaged, vertically integrated irradiance value of 20.9 W m 22 (Townsend et al. 1992) . During the entire mooring period, the mixed layer depth (Fig. 7c) was close to the critical depth suggesting that conditions were suitable for the initiation and maintenance of the bloom.
Nitrate concentration: During the mooring period, the initial nitrate concentration at 16 m was 4.5 mmol L 21 , increased over the first 48 h to ,6 mmol L 21 , then decreased over the next 24 h to 0.5 mmol L 21 (Fig. 8a) The density stratification was weak at the depths of the two nitrate sensors for the first 4 d of the mooring period and was eliminated completely by 23 March 2002 (Fig. 8b) .
Nitrate concentrations declined significantly prior to the breakdown of this stratification. A temperature-salinity plot for this time period indicates that the water mass at these two depths was of similar origin. After 28 March 2002, the water column began to restratify and reached its maximum in mid-April.
Two (Fig. 8e) .
ADCP current data can be combined with density profiles collected using SeaHorse to provide estimates of gradient Richardson number. Vertical mixing driven by surface wind stress can influence bloom dynamics. While it is clear that enhanced mixing during the winter increases the nutrient concentration in surface layers over the period of several months, the importance of vertical mixing during the spring bloom is poorly understood (Waniek 2003; Ueyama and Monger 2005) . During the spring bloom of 2002, data collected from the SeaHorse and ADCP moorings at HL2 were combined to derive an estimate of the gradient Richardson number, Ri, which is a proxy for vertical mixing: Ri 5 N 2 /S 2 , where N 2 is the buoyancy frequency and S 2 is the velocity shear squared.
With a first differencing technique, the ADCP data were used to calculate vertical shear profile (Fig. 9 ). While these results are noisy, there is some coherence between elevated shear and the location of the pycnocline. The buoyancy frequency indicates that the mixed layer deepened from 20 to more than 45 m over the first 10 d of the mooring period. This coincided with the initiation of the phytoplankton bloom, which would perhaps be unexpected, because it is generally believed that a shallower mixed layer would be more conducive to production since the average light intensity in the mixed layer would be higher. However, just prior to the initiation of the bloom, the depth of the euphotic zone was close to 50 m, which was about a factor of two deeper than the mixed layer depth. The critical depth during this period was approximately 36 m (Townsend et al. 1992 (Fig. 7) . After a few days, the nitrate concentration recovered while the chlorophyll dissipated and the center of mass of the bloom moved to a slightly shallower depth.
The effect of vertical diffusion of nitrate is illustrated by the dashed line in Fig. 8c , which gives an estimate of the integrated chlorophyll with the process of vertical diffusion removed. This was calculated by assuming that the vertical eddy diffusivity remained constant (K v 5 3 3 10 24 m 2 s 21 ) during the mooring period (Umoh and Thompson 1994) . The flux of nitrate was estimated using K v and the gradient between the two NAS sensors. Prior to 29 March 2002, the nitrate gradient is very small and there is no observable effect of vertical mixing. The difference between the solid and dashed line on 18 April 2002 implies that approxi- mately 70 mg m 22 of the integrated chlorophyll could be attributed to vertical diffusion, based on the assumption that 1 mmol L 21 of nitrate will be converted to 1 mg m 23 of chlorophyll. This assumption was derived originally from laboratory or mass culture studies and has been applied extensively in the literature in both field (Eppley and Koeve 1990) and modeling (Wrobleski 1989) situations. Extensive field studies in coastal waters (Gowen et al. 1992) have confirmed this to be a useful first-order approximation over a broad range of environments. If, on the other hand, the conversion factor is .1, as some lab studies have suggested (Laws and Bannister 1980) , then vertical mixing could account for all of the observed chlorophyll.
During the latter third of the mooring period, Ri was observed to exceed 0.7 throughout the water column. Vertical diffusivity in ocean models can be parameterized as a function of gradient Richardson number (Large et al. 1994) . In this parameterization, Ri . 0.7 is assumed to correspond to negligible mixing. For values above 0.7, Large et al. (1994) set the scalar vertical diffusivity at a constant value of 1 3 10 25 m 2 s 21 , approximately an order of magnitude less than the long-term seasonal value derived by Umoh and Thompson (1994) for the inner Scotian Shelf. With this value for diffusivity and the gradient observed with the in situ nitrate sensors, it would require about 190 d to increase the nitrate concentration of the upper 40 m by 1 mmol L 21 . This indicates that vertical mixing would not provide a significant flux of nutrients to the mixed layer during the 08-17 April 2002 period of the spring bloom and contradicts the vertical flux estimated for the April period using the Umoh and Thompson (1994) value (Fig. 8c) . Since the Umoh and Thompson (1994) method is based on climatological temperature and salinity fields, we believe that the Richardson number approach provides a better estimate of vertical mixing rates during this field program.
Satellite imagery: A SeaWiFS satellite imagery time series of surface chlorophyll concentration for a 20 by 20 pixel box centered on HL2 (44u129N to 44u209N, 63u139W to 63u259W) shows values of 1 mg m 23 at the start of the mooring period (Fig. 8d) . The median surface concentration for the box peaks at 6.6 mg m 23 on 25 March 2002 and then gradually declines to ,1 mg m 23 by the end of the mooring period. The uppermost bin of the SeaHorse chlorophyll profiles (approximately 7-m depth) is plotted in Fig. 8d for comparison with the SeaWiFS values. The SeaHorse sensor has been calibrated using the extracted chlorophyll concentrations from AZMP water samples. The correlation between the two time series (r 2 5 0.35, n obs 5 10; r 2 5 0.89 omitting 25 March 2002) is surprisingly good considering that the SeaHorse is a point measurement at 7 m while the SeaWiFS is averaging over 400 pixels (ca. 900 km 2 ).
Individual passes for 02 and 11 April 2002 show the spatial structure of the bloom ( Wind and sea level: The along-shore wind stress (coastline along 60uT) was downwelling favorable for 3 d following the deployment of the moorings at HL2 (Fig. 8e) . (Fig. 6 ). If this upwelling were spread equally over the 25 km between the coast and HL2, the vertical movement of water would be 32 m. This is a significant portion of the 150-m depth at HL2 and is consistent with the shallowing of the isohalines observed during the mooring period with the SeaHorse profiler (Fig. 7c) . However, for a straight coastline, the magnitude of the upwelling is not uniform offshore but decays with a spatial scale given by the internal Rossby radius, which is ,7 km for the inner Scotian Shelf during this time period. On the other hand, the observations reported by Petrie et al. (1987) indicated enhanced upwelling in the area off Halifax, which has been supported by modeling results (Donohue 2000) .
The 23 March 2002 wind event broke down the weak stratification at shallow depths and mixed water completely to a depth of a least 40 m at HL2 (Fig. 8b) . The wind stress remained elevated for several days with no evidence of restratification until 28 March 2002. For a period of several days around 30 March 2002 there was a substantial increase in nitrate and density at 41 m, but there is no evidence of this being a wind-driven event. In contrast, the 02 April 2002 wind event matched the increased density and nitrate at 16 and 41 m (Fig. 8a,b) . While wind-driven upwelling could be a possible explanation for this correspondence, advection could also be responsible for the changes in the nitrate and density fields. During this period the temperature throughout the upper 50 m increased by about 2uC and then dropped back to ,0uC (Fig. 7a) . The density field indicates the stratification was maintained during this period; however, the depth of the mixed layer shallowed from 50 to 20 m (Fig. 7c) .
Upwelling appears to be a key process during the period of 29 March-07 April 2002 in which the surface nutrient inventory has been depleted. A Rossby radius of 7 km would indicate that the upwelling would be ,3 m d 21 near the coast. If we assume that the nitrate concentration below the base of the mixed layer is 6 mmol L 21 and that the upwelled nitrate is dispersed throughout the mixed layer and converted to chlorophyll, it is estimated that this process would contribute about 0.4 mmol L 21 d 21 to the mixed layer. Over this 9-d period, the chlorophyll concentration in the mixed layer could increase by 3.6 mg m 23 . The average mixed layer depth over this period is 32 m, giving an integrated chlorophyll contribution of about 115 mg m 22 . This process is significant enough to have an effect on the duration of the bloom subsequent to the depletion of the nitrate inventory in the mixed layer.
Adjusted sea level (ASL 5 sea level plus atmospheric pressure) was computed from hourly data collected at 
Discussion
It is apparent that the onset of the spring bloom on the inner Scotian Shelf is a complex process that cannot easily be described by one parameter such as the critical depth (Sverdrup 1953; Townsend et al. 1992; Siegel et al. 2002) . A summary of our findings for the development the 2002 spring bloom has been compiled in Table 1 . Physical processes such as vertical mixing and coastal upwelling can be decisive in the initiation of the bloom. In addition, subtle variations in the physical and chemical fields produce significant horizontal variability in the biological fields. This is evident during the first half of March in which AZMP sampling at HL2 observed a short-duration bloom (Bloom 1) with peak chlorophyll concentrations near 8 mg m 23 on 13 March 2002. Nutrient inventory alone could not account for the strength of the bloom; additional nutrient supply through mixing and upwelling was necessary. On 18 March 2002, the conditions at HL2 had returned to their prebloom state most likely as a result of advective processes. Supplementary observations from CPR and satellite imagery indicated that there were strong horizontal gradients in the phytoplankton field with chlorophyll levels changing by an order of magnitude in less than 10 km, as well as significant changes in phytoplankton community structure over similar spatial scales.
Observations from the SeaHorse mooring indicated that a second bloom (Bloom 2) ran from the 22 March 2002 to 18 April 2002 (end of the mooring period). The start of Bloom 2 coincided with the cessation of downwelling favorable winds and the onset of upwelling favorable conditions (Fig. 8e) . However, the HL2 site is in the core of the Nova Scotia Current and subject to strong advective influences. Advection of chlorophyll into the region from upstream cannot be ruled out as a contributor. Bloom 2 can be divided into three periods ( (Fig. 8a) . Nutrient inventory alone can account for the observed increase in phytoplankton biomass during Bloom 2a (integrated chlorophyll increased by 185 mg m 22 while the integrated nitrate decreased by 187 mmol L 21 m).
During the second phase of Bloom 2, the chlorophyll concentration remained elevated in the upper 40 m for 9 d after the nitrate inventory was depleted. Potential mechanisms to maintain the phytoplankton during Bloom 2b include use of internal nutrient stores within phytoplankton cells, use of recycled nutrients (e.g., ammonia) within the mixed layer, advection of nutrients to the HL2 site, vertical diffusion of nitrate through wind-forced mixing, and upwelling of nutrients via alongshore wind stress. If it is assumed that there was no flux of nutrients into the upper 40 m, the first two mechanisms could perhaps maintain the bloom on the order of a few days to a week based on field observations and laboratory cultures (Cullen et al. 1992 ). It is unlikely that this is the primary mechanism for maintaining the bloom since it would be expected the bloom would continuously decline in intensity, but it is observed to achieve its maximum intensity just prior to the collapse on 07 April 2002 (Fig. 8c) . On the other hand, it is also possible that the SeaHorse fluorometer overestimated chlorophyll biomass near the end of the bloom since fluorescence : chlorphyll ratios increase under nutrient stress (Parkhill et al. 2001) . Our fluorometer calibration was based on a single regression equation (see Methods). Advection of nutrients to HL2 is also unlikely because the bloom upstream of the mooring site is of equivalent strength (Fig. 5c ). The ADCP currents during this period are predominantly alongshore to the southwest, while the surface winds are upwelling favorable (Fig. 8e) . In summary, Bloom 2b appears to be primarily sustained by the process of coastal upwelling with a small contribution from vertical mixing. Bloom 2c is characterized by an abrupt termination of the bloom in the surface layer (Fig. 7d) . Phytoplankton concentration remains elevated at a depth of approximately 40 m until the end of the mooring program. The maintenance of this subsurface bloom appears to be primarily attributable to a drawdown of the nitrate inventory at the nutricline. Flocculation and rapid mass sinking of phytoplankton aggregates is a possible mechanism for the termination process (Smetacek 1985) , but there was no evidence from the SeaHorse fluorescence traces, i.e., subsurface peaks, that this occurred. Greenan et al. (2004) have provided evidence that coastal downwelling at HL2 can be linked to the termination of a spring bloom. There was a weak downwelling event on 06 April 2002, but it appears too inconsequential to end the upper layer bloom so suddenly. Advection is a likely mechanism for the termination; however, the bloom is sustained to the northeast longer than to the southwest, and therefore this process would bring additional chlorophyll to HL2 and not reduce it as observed. We have observed sharp chlorophyll fronts in this area during the initiation of the bloom and in the upper 30 m on 04-05 April 2002, so the abrupt end could be the advection of such a front through the HL2 area.
In most biological models, the termination of the spring bloom is assumed to be driven by the depletion of nutrients and grazing by zooplankton. In 2002, nutrients were depleted in the upper 20 m long before the termination of the bloom. The integrated chlorophyll decreased from a peak of more than 200 mg m 22 on 06 April 2002 to about 70 mg m 22 on 18 April 2002, which is just above the baseline value of 40 mg m 22 for bloom termination at HL2 (Harrison et al. 2006 ). This would indicate that the bloom was close to termination at the end of the mooring period. Zooplankton samples from 200-mm net tows on AZMP occupations of HL2 during the mooring period indicate that these species did not increase significantly until 18 April 2002. In fact, zooplankton abundance in 2002 was the lowest recorded in the AZMP record for the Scotian Shelf. However, AZMP does not sample for microzooplankton, which would be more likely to respond quickly to the increased phytoplankton population, and therefore grazing by this component of the zooplankton community may have been an important factor (Gifford et al. 1995; Fileman and Leakey 2005) . Considering the aggregate observations from this mooring deployment, it would appear that the depletion of nutrients was the dominant factor in the termination of the bloom.
In summary, we have demonstrated that physical forcing, through a variety of mechanisms, is of paramount importance in the initiation and evolution of the 2002 spring bloom on the Scotian Shelf. Processes such as vertical mixing and coastal upwelling play key roles during various stages of the bloom. The nitrate inventory is a key factor in determining the magnitude of the spring bloom and is strongly influenced by wind-driven vertical mixing during the winter months.
We have also established that biweekly point measurements in an advective coastal environment are not sufficient to describe the dynamics and variability of the spring bloom on the Scotian Shelf, especially in the early and late bloom periods when spatial variability is particularly important. Moreover, while the addition of a profiling mooring system provides finer temporal resolution of the bloom, it cannot supply sufficient data to unequivocally resolve the causes of the bloom's strength, timing, and duration. Complementary spatial sampling employing glider technology with biophysical sensors would be valuable, as would three-dimensional biophysical models. Measurements of microzooplankton and quantification of their grazing effect would also provide an important link to a better understanding of bloom duration and termination.
